The Continuous Oxygenation of Linoleic Acid by
Immobilized Lipoxygenase: A Packed Bed Bioreactor

Introduction

Lipoxygenase (LOX) is an enzyme that selectively introduces hydroperoxy functional groups
into polyunsaturated fatty acids (PUFA) to produce the corresponding hydroperoxide (HPOD)
derivatives (Hsu ef al.. 1997. Shen er al., 1998). It is preferable to produce HPOD derivatives
using immobilized LOX since immobilization allows enzyme reuse, enables continuous HPOD
production under controlled conditions, and simplifies product isolation.

In this study. a recirculating packed bed column was used to synthesize HPOD derivatives
of PUFA. The immobilized LOX (in calcium alginate sol-gel or phyllosicate sol-gel matrix) is
the stationary phase and the PUFA substrate and HPOD product are in the mobile phase. Itis
known that several reactor designs, such as a column reactor or the packed bed reactor, can be
modeled as a continuous stirred tank reactor (CSTR) in cascade (Folger and Brown, 1992). The
packed bed column reactor can be expressed by a set of mathematical equations based on mate-
rial balances and kinetic expressions. This model then can be used for predicting process kinetics
and designing a full-scale plant.

Experimental

Soybean lipoxygenase (type 1-B) and linoleic acid (LA) were obtained from Sigma (St. Louis,
MO), xylenol orange salt was purchased from Aldrich Chemical (Milwaukee, WI). The
phyliosilicate (montmorillonite, Wyoming, USA) was obtained from Source Clay Minerals
Repository (Columbia, MO).

LOX was immobilized in calcium alginate sol-gel matrix using the procedure of Hsu eral.
(1997); LOX was immobilized in phyllosilicate sol-gel matrix using the procedure described by
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Tracer experiment: The reactor resident time-distribution (RTD) was determined by injecting the
inert substance blue detran, 1% w/v dissolved in the carrier buffer, (0.2M sodium borate, 10 mM

substrate, LA dissolved in the carrier buffer, was circulated through the reactor by a high pressure
pump at a flow rate of 3.8-5.0 ml/min (F, Figure 1) and sampling rate of 0.5 ml/min (F).

for a single-input and single output model as defined by Folger and Brown (1992) as follows:

o E(t):The residence-time distribution function;
E@t)=Cqy o C(t)yde

C(v), tracer concentration between t and dt

The number of tanks in series (n) can be obtained from the equation: n = n¥/g*
where & is the Square of deviation or variance and can be obtained from the equation

oo ©o

o= o (t-t ) E (1) dt U= 0! E (1) dt: 1, mean residence distribution time

m

where t = total volume/flow rate. Under our conditions, 1 was approximately 16 minutes.

The results of the tracer experiment enabled us to calculate the number of tanks that mode]
the column. Using calcium alginate sol-gel immobilized LOX and phyllosilicate cross-linked
with LOX in the bioreactor, we calculated that the number of tanks (n) was 3.
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Computer model to predict ti. production of HPOD by bioreactor. The mass balance law
can be applied and the concentration of HPOD in each tank can be mathematically calculated

by this equation (Ingham er ai.. 1996)

dCl1 -~ Vmax C, .
V=gr = FC,-FC, VR, Where R, =gm+¢,”

and F is the flow rate into the reactor; R, rate of reaction in zone 1; C,, the concentration of
reactant in zone 1. As shown in Figure 2, product formation in each zone increased as
reaction time increased.

Trend for bioreactor composition for LOX immobilized in calcium alginate sol-gel and
phyliosilicate. Figure 2 shows the trend of hydroperoxide production using a bioreactor
packed with immobilized LOX. LA (0.5 u moles 0.2 M borate buffer containing 10 mM
DOC) immediately passed through the reactor at constant rate (3.8 ml/min). The solution
exited from the reactor then passed to the spectrophotometer and the fraction collector. The
results, using calcium alginate LOX bioreactor indicated that the concentration of HPOD
increased linearly for 24 hours (Figure 2) then leveled off. The autooxidation (without
substrate) and backgound (without enzyme) remained at non-significant levels (data not
shown). When LOX cross-linked with phyllosilicate was loaded into the bioreactor (data not
shown), the production of HPOD reached its maximum after 4 hours and increased only
gradually thereafter. The amount of HPOD due to autooxidation and background was not
significant.

A simple computer model was able to fit the observed concentration profiles for
complete oxygenation. There was a small initial dissociation of immobilized LOX tor the
packed-bed bioreactor, but it effectively produced HPOD. In addition, LOX is easily
reactivated by the passage of fresh buffer. Therefore, the reactor packed with calcium-
alginate or phyllosilicate sol-gel can fulfill the essential requirements for a continuous enzyme
bioreactor.
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k-Carrageenan Interaction with Bovine and Caprine Caseins As
Shown by Sedimentation and Nuclear Magnetic Resonance

Spectroscopic Techniques

The solubility and hydration characteristics of k-carrageenan—casein systems from bovine and
caprine milk with incorporated salt (NaCl) were determined by means of sedimentation and 170
nuclear magnetic resonance (NMR) experiments. Relative salt interaction parameters for both

caseins alone and caseins in mixtures with x-carrageenan were assessed by nonlinear regression

analysis from the characteristics of solubilizatio

n of the systems. The k-carrageenan—casein

interactions appear to depend largely on the ratios of k- to 0,;-casein and possibly oss-casein. Second
virial coefficients (By values) and hydration products derived from 170 NMR data suggest that while
soluble at high salt, the caprine casein mixtures exhibit strong interactions, whereas the bovine
counterparts do not. At lower salt concentrations the solubility data and the 170 NMR data are in
agreement. Thus, a structural dependence upon protein components in salt-containing «-carra-
geenan—casein solutions from bovine and caprine milk has been demonstrated.

INTRODUCTION

One of the most important properties of polysaccha-
ride hydrocolloids in food systems (e.g., carrageenans,
dextrans, starches) is their ability to complex protein
to form modified food structures. In model systems
complex formation has been observed, and although
both polymers carry a net negative charge, the interac-
tion has been generally recognized to be electrostatic
in nature (Sasaki and Noguchi, 1959; Mathews, 1965;
Obrink and Wasteson, 1971). In milk systems k-carra-
geenan is an important determiner of sensory texture,
rheological properties, and functional properties (Ander-
sen, 1962; Payens, 1972).

Salt cations and/or anions may not only affect protein—
hydrocolloid electrostatic interactions but may also alter
water binding in carrageenan systems (Rey and Labuza,
1981). The usage of salts to improve the textural
properties of such products as imitation cheese struc-
tures is due to their water-holding capacity. In all
likelihood, the carrageenan—protein interaction is a
combination of several mechanisms and should be
thoroughly understood to aid in the development of
protein-based food systems.

Snoeren et al. (1975) demonstrated that, at the pH
and ionic strength prevailing in milk, it is mainly the
casein micelles (and perhaps «-casein in particular) that
are involved in k-carrageenan—protein interactions. The
amino acid sequence of the x-casein molecule suggests
that in addition to the highly negatively charged mac-
ropeptide it has also areas of “net” positive charge,

which have been speculated to be on the surface of the
casein micelle (Mercier et al., 1973). Such an ac-
cumulation of positive charges is thought to be lacking
in 041- and S-casein, where positive and negative amino
acid side chains appear to be evenly distributed along
the polypeptide chain (Mercier et al., 1971; Ribadeu-
Dumas et al., 1972). Of all the protein fractions in milk,
k-casein is the most reactive through normal food
processing (Morr, 1974).

Caprine caseins, in contrast to bovine caseins, vary
considerably in the types of casein present; some are
poor in ag1-casein, and some are richer in og-casein
(Mora-Gutierrez et al., 1997). The oy-casein has a
primary structure quite different from those of o,;- and
p-caseins. In a linear array the ose-casein displays a
cluster of net positive charge for residues 170—207 at
the C-terminal end (Farrell, 1988). Physical—chemical
studies of a2-casein by Snoeren et al. (1980) suggested
a model in which this positively charged tail participates
in the isodesmic self-association of the protein; this
argues for a surface position for the positively charged
cluster. Thus, caprine caseins rich in ose-casein may
offer enhanced sites for interactions with k-carrageenan,
provided that this positive cluster is on the surface in
associated whole casein.

Moreover, sodium caseinates from bovine and caprine
milks containing various casein components have not
been characterized comparatively relative to their in-
teraction with k-carrageenan. This is especially true
with regard to the elevated as2-casein content of some
caprine milks. Therefore, the objective of this work is
to examine the effect of NaCl on solubility and the
hydration behavior of bovine casein and two caprine
caseins of known casein distribution following complex



Table 1. Comparison of the Percentage of Casein
Distribution of Bovine and Caprine Caseins by
Densitometry

caprine casein caprine casein

caseintype bovine highin o -casein  low in ou;-casein
Og2-casein 12.1 . 9.2 29.2
as1-casein 39.5 25.1 5.9
B-casein 37.2 51.6 50.5
k-casein 11.2 13.8 144

formation with «-carrageenan in the absence of calcium
ions by use of sedimentation and 170 nuclear magnetic
resonance (NMR) techniques.

MATERIALS AND METHODS

Materials. All reagents used were of analytical grade or
ACS certified from Aldrich, Baker, Sigma (St. Louis, MO).
k-Carrageenan was obtained from Sigma Chemical Co. Deu-
terium oxide (99.8%; D20) was obtained from Sigma.

k-Carrageenan was exhaustively dialyzed against deionized
water that had been adjusted to pH 7.0 with 0.5 M sodium
hydroxide and then lyophilized.

Preparation of Bovine and Caprine Caseins. Bovine
casein was obtained from the milk of a Jersey cow. The
caprine caseins characterized by high and low content of the
" 0g1-casein component were obtained from the milk of an Anglo-
Nubian and a French-Alpine goat, respectively (Mora-Gutier-
rez et al., 1991). Caseins were isolated from 2 L of fresh,
uncooled milk to which phenylmethanesulfonyl fluoride (0.1
g/L) was added immediately to retard proteolysis. The milk
was centrifuged at 4000g for 10 min at room temperature to
remove the cream fraction. Skimmed milk (500 mL) was
diluted with an equal volume of distilled water and warmed
to 37 °C. Casein was precipitated by careful addition of 1 N
HCI to pH 4.6. The precipitate was homogenized with a
Biospec homogenizer at low speed and dissolved by addition
of NaOH to yield a solution of pH 7.0. The casein was
reprecipitated, washed, and then resuspended. The sodium
caseinate was subsequently cooled to 4 °C and centrifuged at
100000g for 30 min to remove residual fat. Finally, the casein
suspensions were dialyzed exhaustively versus cold deionized
water at 4 °C for 72 h and then lyophilized. The integrity of
the samples was confirmed by polyacrylamide gel electro-
phoresis in sodium dodecyl sulfate (SDS), and densitometry
was used to assess the relative concentrations of casein
components (Basch et al., 1989). The compositions of the
bovine and caprine caseins used in this study are given in
Table 1.

Solubility Measurements. Solubility of pure caseins and
k-carrageenan—casein mixtures at 21 °C was determined as
follows.

(1) Caseins (~20 mg/mL) were dissolved in 0.005 M EDTA
solution, adjusted to pH 7.0 by addition of 0.1 N NaOH. To
study their interaction, k-carrageenan and caseins were mixed
at concentrations of 0.028% and 2%, respectively. The solu-
tions were heated at 80 °C for 5 min to disrupt possible
aggregates and subsequently cooled to room temperature. (2)
To 2 mL of pure protein and «-carrageenan—protein solutions
(in thick-walled centrifuge tubes) was added 2 mL of NaCl
solutions. The tube was inverted and left to stand at 21 °C
for 30 min. (3) Tubes were centrifuged for 15 min at 91082gmax
at 21 °C in an ultracentrifuge (model L-7; Beckman Instru-
ments, Palo Alto, CA) with an SW 60 Ti swinging bucket rotor.
(4) One milliliter of supernatant was transferred to a 10-mL
volumetric flask containing a few milliliters of deionized water
and made up to volume with deionized water. Concentrations
were determined in 1-cm cuvettes at 280 nm; an absorptivity
of 0.850 mL/(mg cm) at 280 nm was used for whole casein
(Pepper and Farrell, 1982).

Solubility Theory and Data Analysis. Wyman'’s concept
for linked functions (Wyman, 1964) was useful for the treat-
ment of the sequential precipitation (salting-out) and resolu-
bilization (salting-in) of individual bovine and caprine casein
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Figure 1. Solubility at 21 °C of casein and «-carrageenan—
casein as a function of NaCl concentration: (A) bovine casein;
(B) caprine casein high in o -casein; (C) caprine casein low
in o -casein. Solutions were buffered at pH 7.0, 0.005 M
EDTA. Data represent the average of triplicate determinations
and were fitted by eq 4. Results are given in Table 2.

components as a function of added calcium (Farrell and
Kumosinski, 1988; Farrell et al., 1988; Mora-Gutierrez et al.,
1993a—c). Here, we have extended that theory to assume that
the triphasic sequential changes in solubility (e.g., Figure 1C)
which occur with increasing NaCl concentration are also
thermodynamically linked to salt concentrations. The mech-
anism of precipitation could be salt binding followed by charge
neutralization (Farrell et al., 1988) or bulk salt—solvent
surface tension incremental effects, that is, change in solvent—
solute interactions by added cosolute, namely, salt (Melander
and Horvath, 1977a,b). Therefore, the application of linked
functions as developed by Wyman (1964) can be used to treat
these processes if the following equilibria are assumed:



(So) S1) S2)
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p+nX‘—1—~__PX,,+mx == PX;X,
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K,
PXXg+ M === PX,XXg + mx
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where p is the unbound protein; x is the free salt; n, m, and ¢
are the apparent numbers of moles of X bound to species PX,,
PX, X, and PX,X,X,; and Sy, S3, Sy, and Sy’ are the solubili-
ties of the species indicated. The mathematical relationship
representing this stoichiometry can be represented according
to
S = So D) + 8, fIPX,) + (S, — S AAPK, X,,) +

S APX X, X)) (2)
where S,y is the apparent protein solubility at a given salt
concentration (Xt), i) are the protein fractional components
of species i, and the S’s are the solubilities of each species.

For this study S; and S, will be relative to Sp. Incorporation
of these constants as defined by eq 1 into eq 2 leads to

S Sk, "px"
=p + kof')'px" +p Jlr ;"px" i
Sy — Sk ™p ™ +
p + ky"px™ + k,px? + k"R, Ipx"x?
S, 'ky"k,px™x?

(o + k"px™)p + ky"px?)

SﬂPP

where p is the concentration in percent of the unbound protein
and x is the concentration of unbound salt. Cancellation of
common terms yields

S, S.k,"x"
Sapp = +
1+Ek"%" 1+Ek "
(Sz - Sl) kzmxm

1+ k"™ + k927 + by kX x?

S ky"x™k, %7
(1 + &™) + k%%
4)

Equation 4 represents sequential binding (i.e., &1 > k2 > &y,
where n sites saturate prior to the binding of m sites on the
protein). Also, for n, m, or ¢ > 1, k1, k2, and %1’ represent an
average value for each of the n, m, or g binding sites. In
reality, n, m, or ¢ mol of salt will bind with only one
equilibrium constant (k1) (i.e., k1 = k1™; k2 = kJ™; and k1’ = k1),
Finally, protein—«-carrageenan complexes have very high
molecular weight, so that the molar concentrations of salt (up
t0 0.9 M) far exceed the molarity of the complexes. Therefore,
total salt may be used rather than “free” salt when binding is
implied. This is analogous with enzyme kinetics where
substrate concentration [S] > enzyme concentration [E].

The model in eq 4 was applied in the present study to the
Nat-induced solubility profiles of bovine and caprine whole
caseins in the absence and in the presence of k-carrageenan.
These solubility profiles were analyzed using an iteractive
nonlinear regression program (NLLSQ in BASIC) on an
microcomputer that employed the Marquardt algorithm. This
program minimizes the standard deviation (SD) of the experi-
mental points from the curve, also known as the root-mean-
square (RMS), where the RMS is defined as

RMS = SS/(NO — NP + NX) (5)

The SS is the sum of the squares of the differences (YC — Y)
between the calculated and observed Y values, NO is the

Al
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Figure 2. 27.1 Hz 70 NMR spectrum of D;0 in a 4.17.% (w/
v) caprine casein low in 0s1-casein solution in the presence of
0.0078% k-carrageenan and 0.2 M NaCl at pD 7.2 and 21 + 1
°C.

number of data points, NP is the number of parameters, and
NX is the number of excluded parameters. All solubility
profiles were analyzed by fixing the values of n, m, and q and
calculating the best least-squares fit for the optimum evalu-
ated ki, k2, and &y’ values. The n, m, and g values were then
fixed to new values, and the whole procedure was repeated.
The n, m, and g values, which yielded the minimum RMS
value for the analysis, were then reported.

Preparation of Samples for NMR Measurements. A
set of bovine and caprine casein solutions was mixed with
0.0078% (w/v) k-carrageenan. A second set of samples was
prepared by adding incremental amounts of casein from 0 to
6% (w/v) to a constant ratio of k-carrageenan and salt to water.
After mixing, the solutions were heated to 80 °C for 5 min to
prevent local aggregation, subsequently cooled to room tem-
perature, and then allowed to equilibrate at 4 °C in ice, prior
to the 70 NMR measurements. The pD was 7.2 for all
samples. pD was calculated from the equation pD = pH +
0.4 (Covington et al., 1968).

About 4 mL of well-dispersed and thoroughly mixed pure
casein and «-carrageenan—casein in D20 solutions was trans-
ferred to 10-mm high-resolution NMR tubes (Wilmad, Buena,
NJ). In all experiments two independent series of NMR
measurements were conducted at 21 + 1 °C.

170 NMR Transverse Relaxation Rate Measurements.
An XL-200 multinuclear spectrometer (Varian Associates, Palo
Alto, CA) was used for the 170 NMR R; relaxation measure-
ments. Natural abundance 170 (8.7 x 10~2%) measurements
were made in D3O. Single-pulse experiments were done at
21 + 1 °C, at a resonance frequency of 27.1 MHz. The samples
were spun at 12 + 1 Hz. Other conditions were as follows:
90°, pulse width of 19 us, acquisition time of 0.50 s, and a
spectral width of 5 kHz. The number of scans for adequate
signal-to-noise (>100:1) was ~1000. Fourier transforms were
carried out on line with a Varian 4000 series data system
computer with Pascal software (v. 6.3). Spectra were stored
in an 8K point array, which provided adequate resolution.

Figure 2 shows the 70 NMR Fourier transform spectrum
of a 4.17% solution of caprine casein low in os;-casein in the
presence of 0.0078% «-carrageenan and 0.2 M NaCl in D2O.
The line width (ve,s) at half-height of each spectrum was
obtained by using the computer line fit routine available on
the XL-200 Varian computer software (Varian Associates). The
170 NMR transverse relaxation rate (Rz, s™!) was then calcu-
lated from the line width by (Dwek, 1973)

T, =Ry (s7) = #Avg (571 (6)
where Avqps is the line width at half-height for the 170 NMR

peak of the sample, after correction for a small inhomogeneity
broadening.



The net or differential transverse relaxation rate ARz (s~1)
was calculated as

AR, (57 = m(AUgps — Agee) )

where Age. is the line width at half-height for D;O without
added protein.

NMR Hydration Theory and Data Analysis. Interpre-
tation of NMR relaxation data is highly model-dependent
(Finney et al., 1982), and the application of different models
to the same data may lead to somewhat conflicting concepts.
The isotropic two-state model for water—macromolecule in-
teractions has been applied to several polymer systems (Child
and Pryce, 1972; Cooke and Wien, 1973; Oakes, 1976; Hansen,
1978; Derbyshire, 1982; Mora-Gutierrez and Baianu, 1990).
The relaxation behavior, when the exchange time between
states is short in relation to the NMR relaxation times of each
state, shows a single relaxation time

Tobs—1 = 2::"PiTi—1 (8)

where Tops~! is the observed relaxation time, 7! is the
relaxation time of the ith state, and P; is the probability that
the nucleus is found in that state (Cooke and Kuntz, 1974).
Now, if we assume that there are fundamentally two possible
water states, bound and free, eq 8 simplifies to the standard
two-state model, with fast-exchange (Derbyshire, 1982)

Tops ' =PpTp ™' + PpTy ! 9)

where Tg™! is the relaxation rate of bound water, Py is the
probability of water being bound, 75! the relaxation rate of
the free water, and Pr is the probability of water being free.
Because Pr = (1 — Pg), we can cast eq 9 into a linear form:

Ty " =Pg(Tp ' —Tp )+ T5 (10)

Thus, the two-state model, with fast exchange, predicts a linear
relationship between the observed relaxation rate (T.ps1) and
the probability of the water being in the bound state (Pg),
where Pz can be related to the concentration of substance in
solution. This model predicts a linear relationship between
the observed relaxation times of water (7o 1) and changes in
concentration of the macromolecule (Zimmerman and Brittin,
1957), assuming no additional contributions to relaxation are
present. However, there are often nonlinear responses (Halle
et al., 1981), and the derivation of equations for a nonlinear
three component system using relaxation techniques has been
given in detail by Kumosinski and Pessen (1982). Pessen and
Kumosinski (1985) attribute the nonlinearity to charge repul-
sion or charge fluctuations as predicted by the Kirkwood—
Shumaker (1952) theory. The major application of the Pessen
and Kumosinski (1985) work is the use of activities in place
of concentrations when dealing with systems strongly deviat-
ing from ideality.

These authors have shown that for the two-state fast
exchange model, the change in R (the observed relaxation
rate) of water in the presence of varying protein concentration,
Cp, is

Robs - Rfree = (Rb - Rf)vwa;/W (11)

where R; is the appropriate relaxation rate of free water (R;
or Ry), Ry is the corresponding relaxation rate of bound water,
W is the total concentration of water, a, is the activity of the
protein, and ¥y, is the degree of hydration (i.e., basically, the
average number of molecules of water bound per molecule of
dry protein or, in units consistent with the concentration units
employed, the number of grams of bound water per gram of
dry protein). For ligands in general, &, differs from n, the
number of available binding sites for substrate molecule, the
difference being a function of association constant and ligand
concentration. In the case of water, however, which is a ligand

present in such vast excess that the substrate is saturated with
it, the distinction between ¥w and n disappears. In the
following we will, for simplicity and convenience, use the
expression “hydration” for short to indicate the quantity 7y, in
units of grams per gram. The term R, — Rge. has been
termed the relaxation increment and will be used in this study
to analyze all data.

In the case of polyelectrolytes such as proteins, departures
from the linear behavior for the effects of protein on water
relaxation are often observed as the protein concentration is
increased. These departures indicate that new interactions
are present, which must be taken into account. Therefore, a
model that includes such protein—protein and protein—solvent
interactions (Kirkwood and Shumaker, 1952) present in non-
ideal solutions for the nonlinear concentration dependence of
the NMR relaxation rates was developed (Pessen and Ku-
mosinski, 1985). Such a model takes into account the chemical
activity of the protein.

The activity of a protein (ap) in solution is related to its
concentration, C,, by the activity coefficient, y:

a, =yC (12)

P p

The activity coefficient can be obtained from the virial expan-
sion of osmotic pressure as a function of concentration:

dIny/d C,=2B,+3B,C, +... (13)

where the B parameters are the virial coefficients. The virial
coefficients are a measure of the various molecular interactions
(Tanford, 1963; Pessen and Kumosinski, 1985). The applica-
tion of virial coefficients to the nonideality of macromolecules
in solution is discussed by Richards (1980), Kumosinski and
Pessen (1982), Bates (1982), Kumosinski et al. (1987), Myers-
Betts and Baianu (1990), Kakalis et al. (1990), and Mora-
Gutierrez et al. (1995, 1996a,b).

By applying the protein activity concept, as discussed in a
previous paper (Mora-Gutierrez et al., 1997), in conjunction
with the two-site model with fast exchange model, one obtains

Rygns — Rop = nyg(Ryp — Ryp)C, expl2B,C, + 2B sC,*° +
0.667B, ;C,'° + 1.5B,C,2 +...] (14)

where Raqs is the measured transverse relaxation rate cor-
rected for inhomogeinity broadening; the subscripts B and F
stand for bound and free water, respectively; ny is the
hydration number (i.e., the average number of water molecules
bound per molecule of dry protein); C,, is the varying protein
concentration; and B; are the virial coefficients. The virial
coefficients are a measure of the various intermolecular
interactions (Tanford, 1963; Pessen and Kumosinski, 1985).
The By virial coefficient reflects the repulsive or attractive
forces arising from the net protein charge Z, the protein
excluded volume, and a preferential interaction term (Mora-
Gutierrez et al., 1995, 1996a,b, 1997).

Our "0 NMR data were analyzed with a quasi-Newton
nonlinear regression program as described in a previous paper
(Mora-Gutierrez et al., 1997). Root-mean-square (RMS) values
were normalized to be within at least 5% error of the fit for
all the data.

RESULTS AND DISCUSSION

Solubility Characteristics. Neutral salts have a
profound effect on the solubility of proteins, on the
structure of hydrocolloids, and on protein—hydrocolloid
electrostatic interactions. Therefore, the solubility of
bovine casein and two caprine caseins with high and
low levels of oy;-casein was determined at 90000g to test
the effect of NaCl treatment on their solubility and on
their interactions with «-carrageenan.

In these experiments no gels were formed because of
the low concentration of x-carrageenan and the high



Table 2. Salt-Induced Insolubility and Solubility of Bovine and Caprine Caseins (2%) and k-Carrageenan (0.028%)

Mixtures at 21 °C and 90000g%?

casein type k1, L/mol S, % ky’, L/mol Sy, % k2, L/mol S, %
Casein
bovine 15+1.3 89.4 +12.7 1.3+0.1 96.4 + 5.8
caprine
high in o,1-casein 1.7+ 1.3 82.6 + 18.4 14+03 940+93
low in a,1-casein 83.7 £ 29.0 86.1 0.2 1.2+0.1 92.7+ 1.2
k-Carrageenan—Casein
bovine 29+14 82.9+17.0 1.4+03 92.2 + 4.7
caprine
high in og;-casein 24+19 75.8 +19.3 14403 943+ 119
low in ag1-casein 54.3 + 18.2 87.9+21 3.9+08 79.0+ 2.1 1.5+0.3 88.3 + 2.8°

¢ Solutions buffered at pH 7.0, 0.005 M EDTA. ® n = 2 and m = 6 for all calculations; ¢ = 6. ¢ Sy’ of eq 1.

concentration of casein (Drohan et al., 1997). Figure
1A shows the solubility of whole bovine casein as a
function of NaCl concentration. It is interesting to note
that a dip occurs in the profile at ~0.5 M NaCl. For
the individual bovine caseins, «- and §-caseins are quite
soluble in this region, but og;-casein is not (Waugh et
al., 1970; Snoeren, 1976). Figure 1A is reminiscent of
the stabilization of oy;-casein by k-casein in the presence
of CaZt, where a similar dip is observed (Mora-Gutierrez
et al., 1993b). Alternatively, the salting out of oy;-
casein, above 0.6 M, can be prevented by complexation
with B-casein (Waugh et al., 1970). Therefore, either
k-casein or S-caseins can help stabilize as;-casein from
precipitation in solution in the presence of NaCl.

For caprine casein high in oy;-casein a similar profile
is obtained (Figure 1B), but the caprine casein low in
0s1-casein gives a different profile (Figure 1C). It should
be noted that this latter caseinate, although low in oy;-
casein, is relatively high in ogg-casein (Table 1). Curi-
ously, the degree of aggregation of bovine ass-casein
increases on going from 0.02 to 0.2 M NaCl; it then
decreases to a dimer ~0.6 M NaCl (Snoeren et al., 1980),
S0 ae-casein shows no insolubility over this range of salt
concentration. The reason for the behavior of the
caprine casein low in og;-casein must somehow lie in
casein—casein interactions peculiar to this mixture.
Table 2 summarizes quantitative differences in relevant
parameters of pure caseins derived from the solubility
data (Figure 1) by nonlinear regression analysis using
eq 4. The salting-out constant, &, for the caprine casein
low in oy-casein is significantly higher than those of
bovine and caprine casein high in og;-casein (Table 2).
This suggests that the solubility of low caprine casein
is much more sensitive to Na* ions. Nevertheless, the
predicted maximal amounts of casein salted out (S;) are
all within the experimental error (86.07% =+ 3.4 average
and SD for all three).

Values of 1/k; represent the salt concentrations for
half-precipitation of the caseins. These are 0.66, 0.59,
and 0.011 M for bovine, caprine high in 04-, and caprine
low in os;-casein, respectively. The first two values
represent concentrations of salt near the incipient
precipitation point of ag;-casein (0.6 M; Farrell, 1988).
However, the extremely low value of 11 mM for caprine
casein low in oy;-casein is anomalous. This effect occurs
at salt concentrations far too low for surface increment
effects on hydrophobicity (Melander and Horvath,
1977a,b) to be operative. Taken with the fact that
micelles of caprine casein low in a4 -casein are desta-
bilized by lower concentrations of added Ca%* (Mora-
Gutierrez et al., 1993b), this type of casein may contain
fairly selective cation binding sites that lead to desta-
bilization (precipitation).

As incipient precipitation occurs, salt binding to lower
affinity sites may in turn lead to resolubilization of these
milk proteins at higher salt concentrations (1/k; average
= 0.77 M). The values for the salting-in constants for
all caseins are nearly equivalent, an indication that a
common mechanism, perhaps salt binding to the pro-
teins, is at work.

The n and m values are the same; that is, n = 2 and
m = 6 for the bovine and caprine caseins in the absence
of k-carrageenan. The relatively low values of 2 and 6
for n and m, respectively, should not be interpreted
literally as only a simple binding site, because it is well-
known that multiple binding sites with exactly the same
equilibrium constant yield only a single isotherm (Tan-
ford, 1961). Hence, a value of n or m represents a class
of protein binding sites rather than a single binding site
linked to the solubility change of the protein.

For «-carrageenan alone, Snoeren (1976) demon-
strated that the molecule is 35—40% salted out under
the conditions used here. In studying the isolated
bovine caseins, only «x-casein and not - or as-casein
could reverse this precipitation (Snoeren, 1976). As is
evident from Figure 1, the addition of x-carrageenan
decreased solubility of the caseins, apparently due to
the formation of k-carrageenan—casein aggregates. A
comparison of the solubility curves of the x-carra-
geenan—casein mixtures shows that the extent of the
aggregates formed is much greater in the caprine
caseins than in the bovine casein, particularly the
caprine casein low in ag-casein. The reason for such
differences is probably associated with either their
higher «k-casein content or increased percent of oyo-
casein, in the case of the low 0s1-casein (Table 1). It is
well established that x-carrageenan specifically inter-
acts with k-casein (Grindrod and Nickerson, 1968;
Payens, 1972; Snoeren et al., 1975), but asz-casein has
not been studied in this regard and its positively
charged C-terminal tail (Snoeren et al., 1980) may
facilitate this interaction.

The solubility curves for the x-carrageenan—casein
systems of caprine caseins can be better understood
quantitatively from the nonlinear regression analysis
results (Table 2). As NaCl is added to both x-carra-
geenan—casein mixtures of caprine caseins, salting-out
occurs (Sy; Table 3). However, for the caprine casein
low in agi-casein the addition of k-carrageenan in the
presence of NaCl induces a second drop in solubility (S2")
that affects both n and ki" (Table 2). Equilibrium
dialysis studies (Parker and Dalgleish, 1981) have
shown that NaCl can alter both n and K, in isolated
os1-casein, and light scattering and optical rotation
studies have revealed that in the presence of NaCl
k-carrageenan undergoes a conformational change (Sno-



Table 8. Calculated Hydration Products ngAR® and Virial Coefficients Bo® from Nonlinear Regression Analysis of
Oxygen-17 NMR Transverse Relaxation Data for Bovine and Caprine Casein Deuterated Solutions in the Presence of
0.0078% k-Carrageenan at 21 + 1 °C and pD 7.2 Using Equation 14

bovine casein

caprine casein high in os;-casein caprine casein low in a,;-casein

NaCl (M) ngAR nuAR* By By? nuAR ngAR® By B¢ ngAR nuAR¢ By By
0.0 1786 + 499 2595 82+0.7 3.6 1100+38.9 3358 52+09 08 1339+215 1806 59+03 438
0.2 1037 £ 25.3 2487 13.6+0.7 4.3 190 + 8.3 3069 239+09 15 291+117 1828 265+10 3.8
0.5 1207 + 33.2 5.1+0.6 378 £ 19.4 127+ 1.0 358 + 145 18.5 + 0.9
0.9 2179 + 12.7 0.3+0.1 525 + 22.3 11.1+0.8 679 + 28.6 141+11

e mL g~1 s~1. The protein concentration was in g of protein/mL of solvent. ® mL/g. ¢ ngAR values obtained under similar conditions but
without k-carrageenan (Mora-Gutierrez et al., 1995). ¢ By values obtained under similar conditions but without k-carrageenan (Mora-

Gutierrez et al., 1995).

eren, 1976). The implication of this work is that these
interactions described for the x-carrageenan molecule
(Rees, 1969; Rees et al., 1982) and the individual casein
components (Parker and Dalgleish, 1981) may carry
over to the x-carrageenan—casein complex. In these
studies, k-carrageenan is dissolved completely at high
temperature (see Materials and Methods), and this
polysaccharide becomes insoluble at 90000g on cooling.
Thus, the formation of random linkages between the
k-carrageenan molecules and casein molecules may be
expected. This would be particularly true in the 0.2—
0.6 M salt region. Here the casein components may be
near incipient precipitation (aggregated) and the «-car-
rageenan is undergoing a conformational change. Asa
consequence of its higher content of ass-casein, the
caprine casein low in og;-casein may be more likely to
interact with k-carrageenan. For the caprine casein
high in as-casein, which also has a high «-casein
content but with a lower ose-casein content, gross
solubility changes were not apparent because the n
value was not altered and no additional ;" value was
added to fit the data. Moreover, no detectable gross
solubility change is observed for «-carrageenan—casein
complexes of bovine casein (Table 2).

The observed increase in the solubility of all «-carra-
geenan—casein complexes of bovine and caprine caseins
(Sg; Table 2) at high salt concentrations is due to
screening-out of basic macromolecular charge—charge
interactions negating the casein—carrageenan interac-
tion. However, the extent of casein solubilization as a
result of increased salt content seems to depend on the
ratio of nonpolar surface to charge density of the
k-carrageenan—casein complex. In this respect the
salting-in values of k2 and S; (Table 2) reflect the
interplay of electrostatic and hydrophobic forces in-
volved in the solubility behavior of x-carrageenan—
casein complexes of bovine and caprine whole caseins
in the presence of high concentrations of NaCl. The
solubility data, however, disclose no information regard-
ing the presence or nature of interactions at high salt.

Hydration Characteristics. From the point of view
of concentration, proteins are often the most important
and most reactive ingredients that can be added to a
structured/textured carrageenan food system. However,
the exact physical state of the majority of water within
the carrageenan—protein complex is not well under-
stood, as the water may be partially inmobilized or
trapped. 170 NMR water relaxation experiments may
be used to report upon the water in such systems
(Kumosinski and Pessen, 1982; Mora-Gutierrez et al.,
1996a,b). Because salt also influences water—macro-
molecule interactions, the hydration characteristics of
k-carrageenan—casein complexes of bovine and caprine
caseins were determined in the absence and in the
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Figure 8. Dependence of the oxygen-17 NMR transverse
relaxation rates, ARz (s~1), on protein concentration (g/mL) for
bovine casein in the presence of 0.0078% k-carrageenan at pD
7.2 and 21 &+ 1 °C: (A) 0.2 M NaCl (1), 0.5 M NaCl (2); (B) 0.9
M NaCl (3). Data were fitted by eq 14. Results are in Table 3.

presence of NaCl. The 170 NMR relaxation (Rj) results
are given in Figures 3—5.

As seen in Figures 3—5, the 170 NMR transverse
relaxation rates increased nonlinearly with milk protein
concentration. Under ideal conditions this relationship
is linear. The marked deviations from linearity at



x-Carrageenan—Casein Interaction
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Figure 4. Dependence of the oxygen-17 NMR transverse
relaxation rates, AR, (s™1), on protein concentration (g/mL) for
caprine casein high in og-casein in the presence of 0.0078%
k-carrageenan at pD 7.2 and 21 + 1 °C: (A) 0.9 M NaCl (1),
0.5 M NaCl (2); (B) 0.2 M NaCl (3). Data were fitted by eq 14.
Results are in Table 3.

higher protein concentrations have been postulated to
be due to protein—protein interactions (Pessen and
Kumosinski, 1985). The results obtained from the
nonlinear regression analysis of the 170 NMR relaxation
data according to eq 14 are presented in Table 3. In
the investigated protein concentration range (0—7%
w/v), the use of virial coefficients other than By was not
necessary. The positive sign of the second-order virial
coefficient By indicates that charge—charge repulsive
interactions are present and increase in all of the
k-carrageenan—casein systems, as the protein concen-
tration increases at constant concentration of «-carra-
geenan (0.0078%). The By values of Table 3 clearly
indicate that at pH 7.2 and in the presence or absence
of NaCl, all of the x-carrageenan—casein complexes
(except bovine casein at 0.9 M) exhibit larger deviations
from ideal behavior than do the caseins alone. There-
fore, By can be taken as a measure of interaction if we
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Figure 5. Dependence of the oxygen-17 NMR transverse
relaxation rates, ARz (s™1), on protein concentration (g/mL) for
caprine casein low in og;-casein in the presence of 0.0078%
k-carrageenan at pD 7.2 and 21 + 1 °C: (A) 0.9 M NaCl (1),
0.5 M NaCl (2); (B) 0.2 M NaCl (3). Data were fitted by eq 14.
Results are in Table 3.

assume large By values are induced by enhanced non-
ideal conditions due to casein—carrageenan interactions.

In aqueous solutions at 1.0% concentration «-carra-
geenan molecules undergo a sol/gel transition as the
temperature is lowered from 80 to 5 °C. The transition
point is highly dependent on salt concentration (Sno-
eren, 1976). Moreover, as the transition occurs, there
is an accompanying coil/helix transition. In the experi-
ments conducted here the sol/gel transition is inhibited
by the lowered concentration of k-carrageenan and the
presence of casein (Drohan et al., 1997). As predicted
by Drohan et al. (1997), casein—«-carrageenan interac-
tions should predominate in our experiments. However,
the salt-dependent conformational change in the «-car-
rageenan may not initially occur as electron micro-



graphs of k-casein—«-carrageenan complexes, at 0.07 M
NaCl, reflect the thickened (coiled) state for x-carrag-
eenan (Snoeren, 1976). Thus, at low ionic strength the
coiled hydrocolloid and casein would be predicted to
have minimum degree of interaction. The By values of
Table 3, however, show interaction even with no added
NaCl. Moreover, the hydration products (ngAR), which
measure indirectly the motion and hydration of the
macromolecules, are greatly decreased. Thus, the NMR
relaxation experiments are detecting strong protein—
hydrocolloid interactions under these conditions. The
relaxation of the k-carrageenan alone is reflected in the
ordinant values of Figures 3—5 and is minimal.

It is shown that under the experimental conditions
the k-carrageenan—casein complex of bovine casein is
more “hydrated” (ngAR = 1786 mL g~! s~1) than the
k-carrageenan—casein complex of caprine caseins char-
acterized by high and low contents of the as;-casein
component (ngAR = 1100 and 1339 g=! s!, respec-
tively), but, again, without the polysaccharide these
values are much higher for all caseins.

At an ionic strength of 0.2 M NaCl, the thickness of
the electrostatic double layer increases and could lead
to increased repulsion due to increased negative charges
on both polymers, which in turn would lead to decreased
complex formation. However, at the same time, the
caseins are aggregating and becoming less soluble
(Figure 1) and while the coil/helix transition of the
k-carrageenan is facilitated, complexation increases. At
ionic strengths >0.2 M, salt addition leads to a more
effective screening of the charges on the polymers, which
results in the suppression of the electrostatic interac-
tion, increases in helix—helix interaction for the hydro-
colloid (Snoeren, 1976), and solubilization of casein. This
is particularly true of bovine casein as By (Table 3) at
0.5 M salt approaches the values obtained in the
absence of k-carrageenan. This is not true for either
caprine casein.

Because for k-carrageenan—NaCl solutions conforma-
tional changes as detected by optical rotation have been
observed (Snoeren, 1976), the magnitude of By values
might also be a consequence of the coil/helix transition
of k-carrageenan in casein mixtures, particularly for
those combinations in which casein is on the verge of
precipitation. When going from the coil to the helix, the
charge density of the x-carrageenan—casein mixtures
increases and the hydrocolloid forms more aggregated
helixes, as seen in electron microscopy (Snoeren, 1976).
It is seen that in the salt concentration range of 0.5 M
and above, at which the «-carrageenan coil/double-helix
transition is facilitated, casein mixtures of caprine
caseins, especially that low in ag-casein (high in ogo-
casein), exhibit considerably higher By values than the
corresponding estimates for the bovine casein—«-carra-
geenan mixtures. The difference is most probably
explained by first a lower as;-casein content in caprine
and second by the fact that strong interactions of free
k-carrageenan and k-casein and possibly o2-casein from
caprine casein low in oy -casein (k-casein = 14.4% of
total casein, age-casein = 29.2% of total casein) are
involved in this process. This electrostatic complex
formation with purified «-casein is maximal at an ionic
strength of ~0.2 M NaCl (Snoeren, 1976), as are our By
and “hydration” data (Table 3). This conclusion is
consistent with observations from sedimentation studies
on mixtures of k-carrageenan and «-casein, which sup-
ported a maxima at about I = 0.2 (Snoeren, 1976).

Clearly such studies on oge-casein and «-carrageenan
are warranted as the positive tail on this protein
postulated by Snoeren et al. (1980) could play a role in
the interactions of this protein and «-carrageenan.
However, both caprine caseins exhibit higher deviations
from ideality in the presence of x-carrageenan.

The hydrophobic nature of the casein fractions and
the temperature dependence of aggregation reactions
(Schmidt, 1982) strongly suggest that the structure of
k-carrageenan—casein complexes may also be dependent
upon hydrophobic interactions. Carbohydrates do ex-
hibit some hydrophobic forces. There appears to be a
relationship between complex formation and the second-
order virial coefficient By of protein activity for 0.0078%
k-carrageenan mixed with the bovine and the caprine
caseins, as seen in Table 3. Thus, the nonidealities of
k-carrageenan—casein mixtures of caprine caseins in the
absence of NaCl is considerably less than those of
carrageenan mixtures of bovine casein, as indicated by
By values (Table 3). However, all are greater than those
observed in the absence of k-carrageenan. As noted
above, this would argue for complex formation. Also as
the NaCl is increased to 0.9 M, then By values fall
dramatically for bovine casein but not for the two
caprine caseins, which on the average have a higher
content of B-casein than bovine casein (Table 1). The
B-casein molecule itself possesses a large hydrophobicity
(Farrell, 1988). A similar result is seen for the hydra-
tion product, which again increases for bovine casein
at high salt but not for the caprine caseins (Table 3).
Thus, at 0.9 M salt, carrageenan—casein mixtures of
bovine casein may represent casein particles tightly self-
packed, no longer interacting with «-carrageenan, and
with nearly normal solvation and By (Table 3).

A decrease in the hydration product ngAR (Table 3)
is seen for all k-carrageenan—casein systems of bovine
and caprine caseins relative to the casein-only system.
Table 3 also shows the effect of ionic strength on the
hydration product ngAR of bovine and caprine caseins.
The hydration product of the three caseins decreased
with NaCl concentrations of 0.2 M but showed some-
what higher values at 0.9 M. As described above, if the
interaction of the carrageenan—protein complex with
NaCl is due to changes in the electrostatic interactions
with increased ionic strength, the hydration product
nyAR should at first decrease with increased interac-
tions and then return to normal values as interactions
are abolished at high salt. Although this occurred for
bovine casein, this tendency was not observed for
caprine caseins (Table 3). Thus, the importance of
interactions was suggested in the hydration character-
istics of caprine caseins and their x-carrageenan—casein
mixtures, whereas Table 2 reports no significant dif-
ferences in S;. Thus, solubility studies suggest limited
interactions in solution at high salt, but the NMR
studies point to extensive interactions for the caprine
caseins but lesser for the bovine casein.

Conclusions. The solubility and hydration proper-
ties of the salt-containing x-carrageenan—casein system
from bovine and caprine milk reflected milk protein
composition, in particular -, as2-, and osi-casein. The
results reported here indicate that caprine caseins may
undergo significant interactions with x-carrageenan and
with NaCl. Although the amount of k-carrageenan used
in this study (0.0078% w/v) does not generate enough
three-dimensional structure to form gels, the increased
interactions with caprine caseins, particularly that low









